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Stimuli-free programmable drug release for
combination chemo-therapyf

Li Fan,®® Boquan Jin,© Silu Zhang,® Chaojun Song*© and Quan Li*°

Combinational chemotherapy capable of targeted delivery and programmable multi-drug release leads to
enhanced drug efficacy, and is highly desired for cancer treatment. However, effective approaches for
achieving both features in a single treatment are limited. In the present work, we demonstrated pro-
grammed delivery of both chemotherapeutic and immunotherapeutic agents with tumor cell targeting
capability by using SiO, based self-decomposable nanoparticulate systems. The programmable drug
delivery is realized by manipulating drug loading configurations instead of relying on external stimuli. Both
in vitro and in vivo results showed specific drug binding to FAT1-expressing colon cancer cells. The
loaded dual drugs were demonstrated to be delivered in a sequential manner with specific time intervals
between their peak releases, which maximize the synergistic effect of the chemotherapeutics. These fea-
tures led to significantly enhanced drug efficacy and reduced system toxicity. The tumor weight
decreased by 1/350, together with a moderate increase in rats’ body weight, which were observed when
adopting the dual drug loaded nanoparticles, as compared to those of the control groups. The present
system provides a simple and feasible method for the design of targeting and combination chemotherapy

Www.rsc.org/nanoscale with programmed drug release.

Introduction

Combination chemotherapy has long been adopted in clinics
as a primary cancer treatment regimen."” It has been demon-
strated that the multiple-drug “cocktail treatment” may func-
tion synergistically for higher therapeutic efficacy.?
Nevertheless, the free drug “cocktail treatment” is found to be
associated with a significantly increased adverse effect, which
explains the little increase in the median survival time,"
despite its higher therapeutic efficacy. A nanoparticle carrier is
capable of loading multiple cargos with different functional-
ities,** and thus provides an ideal platform to carry out the
“cocktail treatment” with possibly reduced toxic effects.
However, in many cases the “cocktail treatment” requires that
chemotherapy agents be programmed into a specific release
pattern, e.g., sequentially release individual agents at required
time points, in order to achieve the best antitumor efficacy.
The existing programmable systems require multiple triggers
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incorporated in the drug carrier in order to activate the drug
release, and the programmed release relies on the availability
of external stimuli, limiting the application of such systems.®®
A multi-cargo loaded drug carrier system with a programmable
drug release function that does not rely on external stimulus
becomes an attractive alternative.

On the other hand, lack of selectivity in most of the thera-
peutic agents is also a major limitation, which results in sig-
nificant toxicity to normal cells.” Although the enhanced
permeability and retention (EPR) effect passively serves as a
targeting strategy in the case of nanoparticle delivery systems,
active targeting by attaching target-specific ligands to the
surface of nanoparticles’®"® is necessary to improve the
cancer-specific selectivity. As a result, when considering the
limited space available, adequate loading of both the targeting
agent and multiple therapeutic components into a single
nanocarrier becomes challenging, especially when an
additional agent for improved NP biocompatibility also needs
to be taken into consideration.'""?

In the present work, we have realized sequential delivery of
chemotherapeutics with a specific time lag in-between the
peak releases of individual drugs. This is achieved by dual-
loading of a self-decomposable nanoparticle system (Fig. 1a).
The specific release pattern is determined by drug loading con-
figurations instead of relying on external stimuli. Dox is the
most widely used chemotherapeutic agent and is generally pre-
scribed in combination with other drugs. Methylene blue (MB)
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Fig. 1 Schematic illustration showing the design of the SIO,NP delivery
system, its targeting, and sequential drug delivery process. (a) Configur-
ation of the mAb198.3-SiO,-Dox/MB NP drug, (b) targeting of the NP
drug via binding to FAT1-expressing cells, (c) multi-drug release process
in a sequential manner.

is also a common drug for clinical use in methemoglobinemia,
Barrett’s esophagus, cervical cancer, and traumatic knee
arthrotomy, and photodynamic therapy.'®*' MB has another
therapeutic feature, i.e., MB has been found to serve as a
sensitizer for Dox.>* This inspired our present work on dual
loading the NP carriers with both Dox and MB, with the latter
serving as the sensitizer for the former. Then by surface
decorating such dual-loaded nanoparticles with mAb198.3
(Fig. 1a), which serves as both the targeting agent and the
immunotherapeutic, we demonstrated significantly enhanced
drug efficacy and reduced system toxicity. The “all-in-one”
nanoparticle system features the function of cancer specific
targeting (Fig. 1b), multi-modalities with both immuno- and
chemo-therapeutic agents, and sequential delivery of the
chemotherapeutics (Fig. 1c). Such a nanodrug (nanocarrier
loaded with a drug and surface decorated with specific
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functional groups) (Fig. 1) was found to specifically bind to
FAT1-expressing colon cancer cell lines with easy cellular
internalization. After that, the dual-loaded chemotherapeutics
were released in a sequential manner with an ~12 h-interval in
their peak concentration. All these factors contribute to the
significantly enhanced drug efficacy and reduced system toxi-
city. The present system provides simple and feasible
strategies for the design of anticancer drug and/or other
delivery systems that require a programmed cargo release.

Results and discussion

SiO,-Dox/MB NPs were synthesized with MB being concen-
trated in the middle of the nanoparticle, and Dox being
located mostly in the surface/subsurface layers. Dox was
absorbed by electrostatic interaction, as it itself is positively
charged and the SiO, NPs are negatively charged. Such a
configuration was obtained by growing MB molecules together
with the silica species,>® and absorbing Dox onto the MB-SiO,
NPs afterwards (Fig. 1a). These NPs were spherical with an
average diameter of ~100 nm and a size range of 80-120 nm
(Fig. 2a). Both MB and Dox were successfully loaded into the
NPs, as suggested by UV-Vis absorption spectra taken at
different stages of the loading processes (Fig. 2b). The “grown-
in” MB in the NPs shows absorption peaks at ~600 nm, match-
ing that of pure MB. When Dox was loaded, an additional
absorption peak in the range of 400-600 nm confirmed the

b —— PureMB
——  PureDox

——  MBSiO0,

———  $i0,-Dox/MB

Abs.(a.u)

Isotype
VP 198.3-APC

$i0,-Dox/MB g
mAb198.3-5i0,-Dox/MB

- Evens

Fig. 2 Characterization of the mAb198.3-SiO,-Dox/MB NPs. (a) TEM
image taken from the SiO,-Dox/MB NPs showing their morphology and
sizes characterized by TEM. (b) UV-Vis absorption spectra taken at
different stages of the loading process. (c) Flow cytometry analysis
showing the binding capability of mAb198.3-SiO,-Dox/MB NP system to
native FAT1 molecules on the surface of Colo205 cells. The x-axis rep-
resented the fluorescence intensity of the APC dye (c right) or MB
(c left). FL4-H represented the emission collected using a channel of
650-750 nm, when being excited at 633 nm.
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presence of Dox in the sample. Drug encapsulation/loading
capabilities have been evaluated by a UV-Vis spectrum.

Surface decoration of the NPs with mAb198.3 (mAb198.3-
SiO,-Dox/MB NPs) did not affect their shape and morphology.
The successful attachment of mAb198.3 to NPs was confirmed
by sodium dodecyl sulphate-polyacrylamide gel-electrophoresis
(SDS-PAGE). MAD198.3-Si0,-Dox/MB NPs showed bands at
50 kDa (heavy chain) and 25 kDa (light chain), which was con-
sistent with the free mAb198.3 groups (Fig. SI1T). MAb198.3 is a
recently generated monoclonal antibody (mAb). It can recognize
the FAT1 protein in Colorectal Cancer (CRC) and be rapidly
internalized when it binds to FAT1-expressing colon cell
lines.>® Compared to the APC dye labelled isotype (similar to
mAb as mAb198.3 but without a specific binding capability
toward colo-205 cells), the strong binding affinity of mAb198.3
(APC dye labelled) to the Colo205 cells was revealed by the flor-
escence intensity increase (positive rate of 97.11%) in the
flow cytometry data, which resulted from the larger
population of the APC dye per cell (Fig. 2c right). On testing the
mADb198.3-Si0,-Dox/MB nanoparticle system, the encapsulated
MB took a similar role as that of the APC dye (both MB and
APC can be excited at 633 nm and their emission was
collected at 650-750 nm). The flow cytometry results of
mAb198.3-Si0,-Dox/MB NPs also show a considerable fluo-
rescence intensity increase (positive rate of 98.38%), when com-
pared to that of SiO,-Dox/MB NPs (Fig. 2c¢ left), suggesting both
the successful attachment of mAb198.3 to the NPs and NPs’
capability of FAT1 binding. The release of the multi-drugs from
the mAb198.3-Si0,-Dox/MB NPs was designed to take place in
subsequent stages after their endocytosis process. MAb198.3,
serving as both targeting ligands and immunotherapeutics,
would be the first ones to carry out their anti-cancer functions
after being internalized. After that, Dox and MB would be
released in a sequential manner known as the second (Dox
release dominant) and the third stages (MB release dominant).

For in vitro experiments, both Dox and MB concentrations
were fixed at 0.5pg ml™", which was chosen based on the MTT
results (Fig. SI2T). At this concentration, the cells fed with pure
Dox or pure MB showed a vitality value of ~73%, and ~91%,
respectively. Although MB itself has low cytotoxicity especially
at low concentrations,®® it had been found that co-adminis-
tration of MB with Dox increased the cytotoxicity of the latter
in cancer cells, and an ~12 h time lag between the peak
release of the two gives the best efficacy enhancement in vitro
(Fig. SI3Y), i.e., the cell viability dropped from ~69% for the
simultaneous administration of Dox and MB to ~40% when
there is a time lag of 12 h between them (Dox first, followed by
MB after 12 h.).

In order to achieve the desired sequential release pattern of
the drugs when employing the NP carriers (i.e., 12 h time lag
between the peak release of Dox and MB), we identified the
suitable ratio between MB and Dox in the nanoparticle carrier,
which was found to affect the time lag between the two peak-
releases (Fig. SI4f).

As shown in Fig. 3, a MB/Dox ratio of 1 gives the desired
release profiles in colo 205 cells. This ratio was chosen to carry
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Fig. 3 The cumulative drug release profiles and those plotted at
specific time intervals (every 2 h) in H,O, Colo 205 cells, and Mes buffer
(pH 5.5).

out the following in vitro and in vivo experiments. The release
profiles of the mAb198.3-SiO,-Dox/MB NPs were examined in
DI water, in colo-205 cells, and in Mes buffer (pH 5.5, at 37 °C,
simulating lysosome pH environment). UV absorption spectra
were taken from the respective supernatants to measure the
amount of MB and Dox released at specific time points. Both
the cumulative drug release profiles and those plotted at
specific time points were shown in Fig. 3. When the NPs were
dispersed in H,O and in colo-205 cells, a quick initial rise in
the amount of Dox appeared in the first ~8 h intervals, after
that it leveled off. The release of MB came later, and it took
~20 h to reach the peak MB concentration. There is an ~12 h
lag between the peak release of Dox and MB. The Dox and MB
releases were found to be faster, when the NPs were dispersed
in Mes buffer (pH 5.5), i.e., an ~8 h time lag existed between
the peak release of Dox and MB.

Along with the drug release from the nanoparticles, a mor-
phological evolution of the mAb198.3-SiO,-Dox/MB NPs was
also observed (Fig. 4). Most of the NPs remained intact in the
first few hours of drug release, after which obvious hollow fea-
tures gradually appeared in the center of NPs. Further drug
release coincided with the continuous enlargement of the NPs’
hollow feature, and eventually fine fragmentation of the carrier
appeared when drugs were completely released. This is a
unique feature of the self-decomposable NPs.>?

Now we discuss the efficacy of the mAb198.3-Si0,-Dox/MB
NPs. Fig. 5 compares the efficacy of pure Dox, pure MB, co-
administration of Dox and MB, co-administration of Dox and
MB with a 12 h time lag, SiO,-Dox/MB NPs, and mAb198.3-
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MB:DOX=1:1 Drug release in H,0

Fig. 4 Morphological evolution of the mAb198.3-SiO,-Dox/MB NPs
dispersed in H,O was also observed by TEM from 2 h to 6 days.

Cell viability of different drug administration at Cy,,=0.5ug/ml
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DOX

MB+DOX
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MB-Si0,-DOX NPs

mAb198.3-MB-5i0,-DOX NPs

ENETIEE

Cell viability (*100%)

Group

Fig. 5 Cell viability of pure MB, pure Dox, co-administration of Dox and
MB, co-administration of Dox and MB with a 12 h time difference, SiO,-
Dox/MB NPs, and mAb198.3-SiO,-Dox/MB NPs was investigated by the
MTT assay. Both Dox and MB concentrations were fixed at 0.5 pg ml™.

SiO,-Dox/MB NPs (MB/Dox ratio of ~1). Co-administration of
Dox and MB at the same time showed similar cytotoxicity as
that of pure Dox (~69% viability). Nevertheless, when the
administration of MB was carried out 12 h after that of Dox,
the cell viability significantly dropped to ~40%. Similar results
were found in the case of SiO,-Dox/MB NPs. A further decrease
in cell viability was obtained when mAb198.3-SiO,-Dox/MB
NPs were employed.

We then evaluated the antitumor efficacy of mAb198.3-SiO,-
Dox/MB NPs in a xenograft mouse model by intravenous (i.v.)
injection. The nanoparticle drug significantly delayed subcu-
taneous colo-205 tumor growth, as demonstrated by the tumor
weight at a dose of 5 mg kg™" every three days (Fig. 6a and c).
Delayed tumor growth was primarily ascribed to two factors,
i.e., targeted therapy due to the presence of mAb198.3 and
synergistic effect originating from the programmed release of
Dox and MB loaded in the nanoparticle carrier. The MB + Dox
with 12 h interval administration group delayed tumor growth
significantly, when compared with the MB + Dox co-adminis-
tration group (P < 0.0001, analyzed by one-way ANOVA with
Bonferroni’s multiple comparison test). The tumor inhibitory
rate of the SiO,-Dox/MB treatment group is slightly higher
than that on the co-administration of MB and Dox with a 12 h
interval, but much higher than that of the groups treated with
pure Dox or MB, or by co-administration of Dox and MB

12556 | Nanoscale, 2016, 8, 12553-12559
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Fig. 6 Antitumor effect of mAb198.3-SiO,-Dox/MB on nude mice
bearing Colo-205 cells subcutaneously was studied in vivo. Values of
tumor weight (a) and body weight changes (b) are expressed as mean +
SD (g, n = 5). Dissected tumor tissues from the nude mice (c). The nude
mice were administered via i.v. injection every 3 days. *P < 0.05,
***p < 0.0001.

simultaneously. This is consistent with the in vitro findings.
This result also demonstrated that co-delivery of MB and Dox
using the self-decomposable SiO, NP system can maximize the
synergistic effect of MB and Dox. The tumor inhibitory rate
was further increased by introducing mAb198.3 into the NPs.
The treatment group of MB + Dox + mAb198.3 with a 12 h
interval between Dox and MB could significantly delay tumor
growth when compared with co-administration simultaneously
(P < 0.0001). At the last measurement point, the tumor weight
decreased by 1/350 in the tumor samples treated with
mAb198.3-SiO,-Dox/MB when compared with the control
group.

On the other hand, changes in body weights were also
investigated to evaluate the system toxicity of mAb198.3-SiO,-
Dox/MB NPs (Fig. 6b and SI5t). The data were analyzed using
GraphPad Prism 5.01® software using one-way ANOVA, and
differences were considered statistically significant at P < 0.05.
Treatment groups including free Dox, MB + Dox and MB + Dox
12 h interval, MB + Dox + mAb198.3, MB + Dox + mAb198.3

This journal is © The Royal Society of Chemistry 2016
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12 h interval and SiO,-Dox/MB exhibited no significant
differences in body weight increase (P > 0.05), indicating
obvious system toxicity. Significant body weight increases were
observed in the control group, the pure MB group, blank NP
groups without chemotherapeutics, the pure mAb198.3 group,
and NP groups with mAb198.3 only (no chemo agents) (P <
0.0001). As a comparison, a moderate increase in body weight
was observed in the mAb198.3-Si0,-Dox/MB treatment group
(P < 0.05), which is much more significant than that of the
groups treated with the same drugs (MB + Dox + mAb198.3
simultaneously or with a 12 h interval between MB and Dox)
in the absence of NP carriers, indicating that using mAb198.3-
SiO,-Dox/MB NPs as delivery systems of multiple drugs could
significantly decrease the system toxicity caused by combina-
tional chemotherapy.

Experimental section

Synthesis and characterization of mAb198.3-SiO,-Dox/MB
sequential drug delivery system

The SiO,-MB NPs were synthesized using a modified Stober
method reported elsewhere.”® Briefly, MB (2.5 mg) was dis-
solved in ethanol (75 mL) with ammonia-water solution
(3.4 mL, 25%, v/v), followed by the addition of 80 pL TEOS.
The SiO,-MB NPs were obtained after being stirred for 24 h in
the dark and were washed several times before being freeze
dried. SiO,-MB NPs (1 mg) were then mixed with 3 mL of
ethanol and then 40 pL of APTS was added. The mixture was
stirred in a 60 °C water bath for 3 hours. The obtained NH,—
SiO,-MB NPs were purified by washing and centrifuging at
12000 rpm. Finally, NH,-SiO,-MB NPs (10 mg) were sus-
pended in Dox solution (2 mg mL™") overnight in the dark in
order to absorb Dox on the particle surface/subsurface. They
were then centrifuged to obtain NH,-SiO,-Dox/MB NPs.

MADb198.3 was attached to the Dox loaded NH,-SiO,-MB
NPs using standard EDC-NHS coupling chemistry to obtain
mADb198.3-SiO,-Dox/MB NPs. The mole ratio of Dox loaded
NH,-SiO,-MB: EDC : NHS : mAb198.3 =1:5:5:10.

NH,-SiO,-Dox/MB NPs were analyzed by a UV-Vis spectrum
(HitachiU-3501 UV-vis NIR spectrophotometer) to determine
the amount of drug loading. The specific numbers are
obtained based on the formula shown below.

Drug encapsulation efficiency(%) =
(Amount of drug in nanoparticle)/(Amount of drug input)
X 100

Drug loading efficiency(%) =
(Amount of drug in nanoparticle)/
(Amount of drug loaded nanoparticle) x 100

The drug encapsulation efficiencies of MB and Dox were
estimated as 41.25%, and 63.69%, respectively, and their
loading efficiencies were 12.13% and 14.99%, respectively.

This journal is © The Royal Society of Chemistry 2016
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TEM (PhilipsCM120) was employed for general morphology
and size distribution characterization. Flow cytometry was
used to investigate the mAb198.3-SiO,-Dox/MB NPs’ binding to
colo-205 cells.

The binding of mAb198.3 to SiO,-Dox/MB was examined by
SDS-PAGE. In brief, approximately 0.5 mg of mAb198.3-Si0O,-
Dox/MB or SiO,-Dox/MB was centrifuged, and 40 pl of 2x SDS
loaded buffer containing dithiothreitol (DTT) was added to the
resulting pellet. They were boiled for 5 min before being separ-
ated by SDS-PAGE under reducing conditions using 12% poly-
acrylamide gel. Free mAb198.3 was taken as the control. The
resolved proteins were stained using Coomassie Brilliant Blue.

Flow cytometry assay

The interaction of the mAb198.3-APC, or isotype antibody-APC,
or mAb198.3-MB-Si0,-Dox, or MB-SiO,-Dox with Colo205 cells
was analyzed using flow cytometry, in order to characterize the
tumor cell binding via mAb198.3. Colo 205 cells were har-
vested and incubated with free mAb198.3-APC, or isotype anti-
body-APC, or mADb198.3-MB-SiO,-Dox, or MB-SiO,-Dox
(20 pg ml™") for 30 min at 4 °C. After incubation, cells were
washed three times and re-suspended in PBS. Samples were
analyzed using a FACS Calibur flow cytometer and CellQuest™
Pro software (BD Bioscience, San Jose, CA). Each experiment
was carried out in triplicate.

Characterization of the drug release and carrier
decomposition process

The drug release profile of mAb198.3-Si0,-Dox/MB NPs was
determined by a UV-vis spectrum. Equal amounts of
mAb198.3-Si0,-Dox/MB NPs (1 mg mL ') were dispersed in
10 mL deionized water or Mes buffer (pH 5.5). Each sample
was then divided into 12 equal groups. Each group was
centrifuged at different time points and the supernatant was
collected. The NPs were dried and re-dispersed in deionized
water. UV-vis absorption spectra were taken from both re-
dispersed particle solutions and supernatants using a Hitachi
U-3501 UV-vis NIR spectrophotometer. The degradation of the
SiO, carrier was monitored by morphology investigation using
TEM.

We also examined the drug release profile of colo-205 cells,
which were cultured in RPMI 1640 medium, supplemented
with 10% heat-inactivated fetal bovine serum, 1% strepto-
mycin, and 1% penicillin. The cells were maintained in a stan-
dard cell culture incubator at 37 °C under a humidified
atmosphere with 5% CO,. All of the NPs were sterilized via
cobalt-60 (NPs in powder form) for 24 h and dispersed in the
medium by ultra-sonication right before their introduction
into the cells. Cells were seeded at initial densities of 5 x 10*
cells per mL in 25 mm? flasks and incubated for 24 h, and the
medium was changed to one with NPs. At different time
points, cell samples were collected and washed with PBS. After
that, the cells were treated with 0.1% Triton X-100 at 37 °C for
5 minutes for enhancing cell membrane permeability, then
centrifuged (16 000g) to separate the released drug molecules

Nanoscale, 2016, 8, 12553-12559 | 12557


http://dx.doi.org/10.1039/c5nr06305a

Published on 29 October 2015. Downloaded by Chinese University of Hong Kong on 13/02/2017 05:02:09.

Paper

from the residual NPs (mainly existing as NP aggregates in the
endo/lysosomes).

Cell viability characterization

The MTT assay was conducted to evaluate cell viability after
various treatments. Colo-205 cells (50000 cells per well)
seeded in 96-well plates were cultured in RPMI1640 with 10%
fetal bovine serum at 37 °C under 5% of CO, in an incubator.
MB and Dox were diluted in a culture medium to obtain the
desired concentrations (from 1 ng ml™" to 1 mg ml™). The cell
viability was determined using optical absorbance (490 nm)
and an ELISA plate reader. The corresponding concentration
of specific cell viability (Dox about 75% and MB about 90%)
was chosen as the concentration for the following
experiments.

Cell viabilities for the sequential administration of MB and
Dox (Dox first, followed by MB) with different time lags
between the two (from simultaneously to 20 h) at fixed drug
concentrations (as defined above), or with NP treatment were
also investigated by the MTT assay.

Antitumor efficacy evaluation in vivo

All animal experiments were approved by the Animal Experi-
ment Administration Committee of the Fourth Military
Medical University. Female BALB/C nude mice (6-8 weeks)
were purchased from Hunan SJA Laboratory Animal Co., Ltd.
Colo-205 cells (5 x 10° cells, total volume 0.1 mL) were injected
into mice leg subcutaneously to establish tumors. When the
diameters of tumors were above 0.2 cm as measured by cali-
pers, the mice bearing tumors were randomly divided into
12 groups (5 mice per group): the saline control group and
11 treatment groups. Nanoparticles and drugs dissolved in
saline were administered by a tail intravenous (iv) injection
every 3 days at Dox doses of 5 mg kg™ for 4 weeks. All animals
were monitored for activity, physical condition, body weight,
and tumor growth. The bodyweight of each mouse was
measured and recorded every week until sacrifice. Mice were
sacrificed after 4 weeks of treatment. Tumor masses were
removed and weighed.

All of the data are reported as the means + S.D. Compari-
sons were performed with a one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple comparison tests
using GraphPad Prism 5.01 software. Significance was defined
as P<0.05.

Conclusions

Tumor-targeting and programmable chemotherapeutic deli-
very were demonstrated by designing mAb198.3-SiO,-Dox/MB
self-decomposable nanoparticle drugs. A significantly
enhanced antitumor efficacy was achieved due to both the tar-
geting function of mAb198.3 on the NP surface, and the pro-
grammed sequential release of chemotherapeutics (Dox and
MB, with the latter serving as the sensitizer for the former),
with the latter feature determined by the loading ratio of the
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two chemo drugs and independent of any external stimuli.
Such a nanoparticle drug system was also found to largely
reduce the system toxicity of individual chemotherapeutics.
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